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The reentrant spin-glass ~RSG! transition and the magnetic nature of the RSG and ferromagnetic ~FM!
phases of a standard reentrant ferromagnet ~57Fe-doped! NiMn were investigated using ac susceptibility and
Mo¨ssbauer measurements. The spin-freezing temperature, at the observation time of the ac magnetic method,
was determined by a peak in the in-phase component of nonlinear susceptibility. The distribution of the
hyperfine field in the zero-field Mo¨ssbauer data consisted of two peaks in the FM phase but one antisymmetric
peak in the RSG phase. The average hyperfine field rapidly increases so as to deviate from the Brillouin
function below a certain temperature. The onset of deviation corresponds to spin freezing on the Mo¨ssbauer
time scale. The two peaks in the hyperfine field in the FM phase were assigned to two kinds of spin groups
having different relaxation times. The spin-freezing process can be explained based on the concept of ‘‘melting
of frustrated spins’’ introduced by Saslow and Parker. The local magnetization, deduced based on the in-field
Mo¨ssbauer data, was dependent on the applied field in the same manner as the magnetization in both the RSG
and FM phases. This indicates that a spin-glass correlation coexists with ferromagnetic order in the RSG phase
in a different way from the mean-field model for vector spin glasses. The application of a magnetic field
induced one additional peak in the hyperfine field in the RSG phase. This implies that the long-range spin-glass
order becomes unstable by applying a magnetic field in the RSG phase. Based on all the experimental results,
we construct a comprehensive picture of a reentrant ferromagnet.
DOI: 10.1103/PhysRevB.64.184432 PACS number~s!: 75.50.Lk, 75.30.Kz, 76.80.1y, 75.40.GbI. INTRODUCTION
In the last two decades, considerable attention has been
paid to a class of random magnets, reentrant ferromagnets,
which contain a majority of ferromagnetic couplings be-
tween the individual spins but also a sufficiently large num-
ber of antiferromagnetic couplings. As the temperature is
lowered in this material, it undergoes a transition from a
paramagnetic ~PM! phase to a ferromagnetic ~FM! phase,
and as the temperature continues to decrease the material
further undergoes a transition to a state known as a reentrant
spin glass ~RSG!.1 Reentrant ferromagnets have been under-
stood on the basis of a mean-field model. In the Sherrington-
Kirkpatrick mean-field model of the Ising spin system2 and
in the model of the Heisenberg spin system introduced by
Gabay and Toulouse,3 the ferromagnetic order parameter
stays in the RSG state. This means that there is a low-
temperature ‘‘mixed’’ state below a certain temperature in the
ferromagnetic phase, in which the spin-glass behavior coex-
ists with the long-range ferromagnetic order. In other words,
‘‘true reentrance’’ to the RSG phase without the long-range
ferromagnetic order cannot occur in the mean-field models.
Recently, the Uppsala group studied the standard reentrant
ferromagnet (Fe0.20Ni0.80!75P16B6Al3, and obtained a result
suggesting that the spin-glass relaxation time diverges at a
finite transition temperature.4,5 Based on this experimental
observation, they claimed that an equilibrium reentrant spin-
glass transition takes place from a ferromagnetic to a pure
spin-glass phase. This was the first report to effectively char-
acterize true reentrance in a reentrant ferromagnet based on0163-1829/2001/64~18!/184432~8!/$20.00 64 1844the investigation of dynamic behavior. On the other hand,
there are some reentrant systems in which the existence of
the long-range ferromagnetic correlation has been found in
the low-temperature phase.6 In these systems, true reentrance
to a pure spin-glass phase was questioned. In addition, the
Uppsala group showed that the FM phase of a reentrant fer-
romagnet has a chaotic nature,7 as expected in the conven-
tional spin-glass phase.8 This is in contrast to the robust na-
ture of the regular ferromagnetic phase. This kind of feature,
associated with the disorder and frustration accompanied by
the appearance of the RSG phase, has not been sufficiently
interpreted based on the mean-field model. Thus there re-
main some ambiguities related to the magnetic nature of both
the RSG and FM phases in reentrant ferromagnets.
Observation of dynamic behavior, based on low-field sus-
ceptibility measurements at various observation times, is the
most useful method of elucidating the nature of reentrant
ferromagnets. In addition, complementary information can
be obtained by a careful consideration of the complexity con-
nected with magnetic inhomogeneity on various scales in
space. In this work, we studied the RSG transition and the
magnetic nature of RSG and FM phases of a typical reentrant
ferromagnet based on the ac susceptibility and the Mo¨ss-
bauer spectra using comprehensive information about the dy-
namic nature and the spatial complexity of this magnet.
The binary system NiMn, with Mn concentrations from
;19 to 23.9% shows the typical behavior of reentrant
ferromagnet.9 In a reentrant sample, the ferromagnetic do-
main was directly observed in the low-temperature region by
transmission electron microscopy.10 The authors of Ref. 11©2001 The American Physical Society32-1
T. SATO, T. ANDO, T. OGAWA, S. MORIMOTO, AND A. ITO PHYSICAL REVIEW B 64 184432claimed that the RSG phase is a mixed state which exhibits
spontaneous magnetization, as based on static magnetic mea-
surements. In addition to a large number of magnetic mea-
surements, small-angle neutron scattering ~SANS!,12,13 in-
elastic neutron scattering14 and neutron depolarization
analysis15,16 have also supported the existence of the long-
range ferromagnetic correlation in the RSG phase. On the
other hand, SANS measurements performed in a magnetic
field showed that a magnetic structure, different from the
ferromagnetic arrangement, is induced mainly in the trans-
verse spin components.13,16 In addition, we briefly reported
that the Mo¨ssbauer spectrum of Fe-doped NiMn yields two
peaks in the hyperfine field distribution.17 Very recently, we
found that both the RSG and FM phases of a reentrant fer-
romagnet Pt-doped NiMn show aging behavior, which was
expected based on the droplet model,18 and chaotic behavior
through the relaxation of magnetization dependent on the
waiting time and the temperature cycle.19 Taken together, the
experimental observations of the reentrant ferromagnet
NiMn have suggested the following features.
~1! The RSG phase is a mixed state in which the long-
range ferromagnetic correlation coexists with the spin-glass
order, as expected from the mean-field picture.
~2! The aging effect and chaotic nature are observed even
in the FM phase in addition to the RSG phase, although not
expected from the mean-field picture.
~3! The spin structures of FM and RSG phases are non-
uniform, and are sensitively modified by an applied magnetic
field.
Therefore, it is interesting to comprehensively inspect the
RSG transition and magnetic nature of the RSG and FM
phases of NiMn in light of a detailed consideration of the
resolution of time and the spatial scales of experimental
methods. We believe that this yields some fruitful informa-
tion that may help to solve the problem: ‘‘Why is it difficult
to systematically interpret the reentrant phenomena based on
a theoretical viewpoint?’’
In this work, we study the magnetic properties of the RSG
and FM phases in a reentrant ferromagnet, 57Fe-doped
NiMn~Ni7757Fe1Mn22!, mainly using the ac susceptibility and
Mo¨ssbauer techniques, which have rather different spatial
resolutions and observation times. We first study spin-
freezing behavior based on the ac susceptibility. Next we
analyze the zero-field Mo¨ssbauer data as a function of tem-
perature. The thermal evolution of the distribution of the
hyperfine field is associated with a change in spin dynamics.
This process is discussed using the concept of ‘‘melting of
frustrated spins’’ introduced by Saslow and Parker.20 Based
on this, we have a clue toward understanding the magnetic
nature of the ferromagnetic phase and the spin-freezing pro-
cess. In addition, the in-field Mo¨ssbauer data are analyzed.
This is suggestive of the following two phenomena: The
long-range ferromagnetic correlation coexists with the long-
range spin-glass order in the RSG phase in the different way
from the mean-field picture, and the long-range spin-glass
correlation becomes unstable in a magnetic field. The latter
phenomenon is similar to the observed lack of a phase tran-
sition in a magnetic field in three-dimensional Ising
spin-glasses.21 Based on all the experimental results, a com-18443prehensive picture of a reentrant ferromagnet will be con-
structed.
II. EXPERIMENT
The procedure for preparing Ni77 57Fe1Mn22 was similar
to that for preparing NiMn ~Ref. 16!: Ni, Mn, and 57Fe were
arc melted together under argon in the desired composition,
and the ingot was homogenized for three days at 900 °C and
then quenched in water. The sample, rolled to 0.02 mm in
thickness, was used for the Mo¨ssbauer measurements. This
sample had been used in our previous Mo¨ssbauer study.17 A
roll of the thin sheet, with 831230.02 mm3, was used for
the magnetic measurement.22 The composition was deter-
mined by means of electron probe microanalysis, where the
present detailed analysis resulted in a slightly lower Mn con-
centration than the nominal composition shown in Ref. 17.
There was no gross inhomogeneity of the composition in the
sample. In a previous study,17 we roughly estimated the
PM-FM transition temperature TC to be ;150 K and the
RSG transition temperature TRSG to be ;50 K, although
these temperatures will be precisely reevaluated in this paper.
These transition temperatures are comparable to those of the
reentrant system NiMn with the same Mn concentration.9
The ac susceptibility was measured at a frequency v/2p
5210 Hz by a Hartshorn-type mutual inductance bridge. The
in-phase and out-of-phase components x08 and x09 of the lin-
ear ac susceptibility can be separately measured by a lock-in
amplifier. The longitudinal ac susceptibility was measured in
a dc field applied parallel to the ac field using an air-core
coil. In addition, the nonlinear susceptibility x2
t
, was ob-
tained by extracting the 3v component from the ac magnetic
response using the lock-in technique.23
Zero-field Mo¨ssbauer measurements were performed at
temperatures above 4.6 K in the transmission arrangement
using a conventional constant-acceleration spectrometer. In
addition, the Mo¨ssbauer spectra were obtained in a magnetic
field of up to 15 kOe, applied along the g ray, at 4.6 and 78
K. An isomer shift of ;0.06 mm/sec and a zero quadrupole
splitting were obtained from the spectra. We evaluated the
hyperfine field distribution based on the method developed
by Hesse and Rubartsch.24
III. RESULTS AND DISCUSSION
A. ac susceptibility
Figures 1~a! and 1~b! show the temperature-dependent ac
susceptibilities, measured at v/2p5210 Hz, for ac fields h
50.4 and 0.2 Oe. In addition, a dc field for H,5 Oe was
superimposed. We will first focus on the magnetic data in the
FM regime. The in-phase component x08 , for h50.2 Oe and
H50, shows a peak at T;130 K, and is gradually sup-
pressed as the temperature decreases. The peak position
shifts to lower temperature as the field h increases from 0.2
to 0.4 Oe. The successive shift is found in the superimposed
dc field. The out-of-phase component x09 , for h50.2 Oe and
H50, shows a peak at ;140 K, which signals the PM-FM
transition, and at temperatures below the peak position
shows a decrease followed by a plateau region. This peak is2-2
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of-phase component x09 ~b! of linear ac suscepti-
bility of Ni77Fe1Mn22 as a function of tempera-
ture, measured at a frequency of 210 Hz in the ac
fields h50.2 and 0.4 Oe and the superimposed dc
fields H52 and 5 Oe. The in-phase component
x2
t8 ~c! and the out-of-phase component x2
t9 ~d! of
the nonlinear ac susceptibility as a function of
temperature are also represented, where the ac
field h50.4 was used.significantly enhanced as the ac field increases from 0.2 to
0.4 Oe. In addition, a shoulder appears in x09 at a temperature
lower than the peak position for h50.4 Oe. This shoulder
successively changes to a broad peak in the data obtained in
the superimposed dc field. The broad peak ~or the shoulder!
in x09 appears at ;2.5 K higher than the corresponding peak
temperature in x08 . The appearance of the peaks in x08 and x09
can be explained based on the shape of the hysteresis loop,
i.e., the peak corresponds to a temperature where the coer-
cive field increases so that the hysteresis loop is traversed to
reach the peak value of the ac field, since the magnetic sus-
ceptibility should attain a maximum when the coercive field
is roughly equivalent to the applied field.4
Next we will focus on the low-temperature behavior as-
sociated with the RSG transition. The value of x08 is drasti-
cally suppressed below a certain temperature upon lowering
the temperature in the ferromagnetic phase. In the lower tem-
perature region, x08 is independent of the amplitudes of both
h and H. The out-of-phase component shows a sharp peak at
T;50 K, below which all the data coalesce in a unique
curve. The H independence of x08 and x09 is a sign indicating
that a material has entered into a spin-glass region in ordi-
nary spin glasses.21
The nonlinear ac susceptibility was measured at v/2p
5210 Hz and for ac fields h50.4. The in-phase component
of nonlinear ac susceptibility, x2
t8
, has the following charac-
teristics: a sharp peak at a high temperature, a broad maxi-
mum in the ferromagnetic regime, and a small peak, with the
opposite sign, at a low temperature below which x2
t8 disap-
pears independent of the amplitude of H @Fig. 1~c!#. The
out-of-phase component, x2
t9
, for H50 exhibits a shoulder
at a temperature higher than the position of the broad maxi-
mum in the ferromagnetic region, corresponding to the
PM-FM transitdion. Below ;50 K, x2t9 disappears indepen-
dent of the amplitudes of H @Fig. 1~d!#. Based on the high-
temperature peak in x2
t8
, TC5144 K is precisely determined.18443In addition, we evaluate the spin-freezing temperature of
56.0 K based on the low-temperature peak in x2t8 , below
which x2
t8 and x2
t9 reach 0.
B. Zero-field Mo¨ssbauer measurements
Figure 2 shows the representative Mo¨ssbauer spectra
measured in a zero field and the corresponding distribution
of the hyperfine field Hhf . The best fit spectrum is shown by
a solid line in Fig. 2~a! using the area ratio of the absorption
lines of 3:2:1:1:2:3, which corresponds to the random orien-
tation of Hhf . As mentioned in our previous paper,17 the
distribution of Hhf , P(Hhf), except for the low-temperature
data, can be approximately expressed by the following equa-
tion consisting of two kinds of Gaussians @Fig. 2~b!#:
P~Hhf!5Ai expF2 ~Hhf2^Hhf& i!22D i2 G
1A jexpF2 ~Hhf2^Hhf& j!22D j2 G , ~1!
where ^Hhf& i , j and D i , j are the average value and standard
deviation of Hhf in each peak. Hereafter, these peaks will be
referred to as Phigh and P low . The low-temperature distribu-
tion of Hhf , obtained below 50 K, consists of a single peak
which is asymmetrically broadened towards the lower side of
Hhf .
Figure 3~a! shows the temperature dependence of the av-
erage value of Hhf , where at temperatures higher than 50 K
the values of ^Hhf&high and ^Hhf& low , deduced from Eq. ~1!,
are separately shown. The value of ^Hhf&high , deduced at
temperatures higher than 50 K, successively changes to
^Hhf& in the low-temperature region. Therefore, the thermal
evolution of the hyperfine field can be discussed without
making a distinction between both values. The average value
of Hhf is compared with the Brillouin function ~S5 12 and 52!
using the Curie temperature TC5144 K. The unambiguous2-3
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Ni77Fe1Mn22 performed at a zero field ~a! and the
distribution P(Hhf) of a hyperfine field ~b!.deviation from the Brillouin function can be detected at tem-
peratures below ;70 K.25 This kind of deviation is similar to
that observed for the other reentrant ferromagnets.26 In addi-
tion, we can find that the behavior of ^Hhf& low also correlates
with this deviation. Figure 3~b! shows the full width at half
the maximum of the peak DHhf . A maximum at T;60 K is
a noticeable observation in DHhf for Phigh . Figure 3~c!
shows the normalized area of P low , S low /(S low1Shigh), as a
function of temperature. This monotonically decreases as the
temperature decreases, abruptly drops at temperatures below
70 K, and reaches 0 below 50 K. After all, all the values of
^Hhf&, DHhf , and S low /(S low1Shigh) show the singular be-
havior due to the spin-freezing at temperatures between 60
and 70 K. Thus the spin-freezing temperature of 60–70 K is
evaluated at a typical observation time t;531029 sec in
Mo¨ssbauer measurement. This is higher than T f(t;7.6
31024 sec)556.0 K, which was determined based on the ac
susceptibility, because of the short observation time of Mo¨ss-
bauer measurement.2718443C. In-field Mo¨ssbauer measurements
The Mo¨ssbauer data were obtained in magnetic fields at
4.6 and 78 K, on an increase in the applied field. Figure 4~a!
shows the distribution of Hhf at 4.6 K at various values of the
effective magnetic field Heff , where Heff is given by correct-
ing the applied field for the demagnetization field. In the
analysis of P(Hhf), the area ratio a of the ~2,5! line, defined
as the ratio 3:a:1:1:a:3 for the lines of the sextet, was used
as a free parameter in the fitting procedure. As mentioned in
Sec. III C, we associate P(Hhf) for H50 with an asymmetric
peak. This peak is slightly affected by the applied field, as
shown in Fig. 4~a!. It is worth noting that a similar kind of
asymmetric distribution of Hhf was found in a strongly inter-
acting magnetic nanoparticle system in a spin-freezing state
at zero field.28 The asymmetric peak, therefore, is a common
feature observed in magnetic systems with a wide distribu-
tion of relaxation times. In a finite applied field, in addition,
a peak appears on the lower-field side of the main peak.
Therefore, the asymmetric main peak is attributed to the in-FIG. 3. The average value of Hhf , obtained
from the zero-field Mo¨ssbauer spectra, is shown
in ~a!, where at temperatures higher than 50 K the
values of ^Hhf&high and ^Hhf& low are deduced from
Eq. ~1!. The Brillouin function ~S51/2 and 5/2!
is shown in ~a! in comparison with ^Hhf&high . The
dashed line shows that the in-field value of
^Hhf& low obtained at 4.6 K ~closed triangle!, is
smoothly connected to the values of ^Hhf& low ob-
tained in the ferromagnetic regime. The full
width at half the maximum DHhf of peaks in
P(Hhf) ~b! and the normalized area of the P low ,
S low /(Shigh1S low) ~c! are shown as a function of
temperature, where in-phase component x08 of the
linear ac susceptibility is shown by a dotted curve
in ~c! for the sake of comparison. The freezing
temperatures, evaluated based on the ac suscepti-
bility and Mo¨ssbauer measurements, are shown
by arrows in ~c!.2-4
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temperature phase, and the resulting peak reflects an appear-
ance of a different magnetic environment induced by the
applied field. For 78 K, as mentioned above, there are two
kinds of peaks in P(Hhf) even at Heff50 @the P(Hhf) for
Heff50 is shown in Fig. 4~a!#. These peaks are insignificantly
affected by the applied field. The area ratio a is associated
with the angle C, between the hyperfine field Hhf and the
direction of g rays, by the relation
a5
4 sin2 C
22sin2 C . ~2!
The applied field dependence of a and C in the RSG phase
~4.6 K! are shown in Fig. 4~b!. These values monotonically
decrease as the magnetic field increases, but the compara-
tively large value of a;1, corresponding to C;40°, re-
mains even at the highest magnetic field used in the present
work.
In order to adequately describe the distribution of Hhf , the
applied field dependence of ^Hhf& , and S low /(Shigh1S low) at
4.6 K, is shown in Fig. 5.29 We will first focus on the values
of ^Hhf&. The applied field dependence of ^Hhf&high is linear
with a gradient of 21; i.e., ^Hhf&high5219.82Heff @the solid
line in Fig. 5~a!#, except for the low applied field region. This
implies that the orientation of the hyperfine field is antipar-
allel to the magnetization. The value of ^Hhf& low is essentially
FIG. 4. A representative distribution of the hyperfine field, ob-
tained from the in-field Mo¨ssbauer spectra measured at 4.6 K, is
shown in ~a!, where the magnitude of the applied field is shown in
parentheses in addition to the effective magnetic field Heff . The area
ratio a and the angle C are shown as functions of the applied field
at 4.6 K ~b!, where the closed symbols show data obtained after the
applied field decreases to 4 kOe from the highest field. The dotted
line is provided as a guide.18443independent of the applied field. This value is plotted in Fig.
3~a! using a closed triangle: it is consistently connected to
^Hhf& low in the ferromagnetic region, as shown by a dashed
line. This feature strongly suggests that the appearances of
P low in both the FM and RSG phases share a common origin.
The normalized area of P low , S low /(Shigh1S low), increases
rapidly as the applied field increases and tends to become
saturated at high fields @Fig. 5~b!#. Regarding the field de-
pendence of P(Hhf) obtained at 78 K, we cannot find any
characteristic behavior.
D. Magnetic nature of the FM and RSG phases
We will now turn our attention to the appearance of two
peaks of the hyperfine field, Phigh and P low in the ferromag-
netic phase. One may suspect that this kind of multipeak
profile is attributed to some accidentally induced chemical
inhomogeneity. However, this idea is in contradiction with
the single peak in the distribution of Hhf at low temperatures.
The only possibility is that these peaks are assigned to two
kinds of regions consisting of spins having different relax-
ation times. This is due to the peculiar distribution of relax-
ation time in the FM phase of the reentrant ferromagnet. This
is in contrast to the regular ferromagnetic material, in which
a single narrow peak appears in the hyperfine field distribu-
tion. From this viewpoint, the change in S low /(S low1Shigh)
as the temperature approaches the RSG temperature must
reflect the spin-freezing process in reentrant ferromagnets.
Thus it is interesting to compare the thermal evolution of
FIG. 5. Applied field dependence of ^Hhf& ~a! and S low /(Shigh
1S low) ~b! obtained based on the Mo¨ssbauer spectra measured at
4.6 K, where the closed symbols show data obtained after the ap-
plied field decreases to 4 kOe from the highest field. The solid line
in ~a! shows the relation ^Hhf&high5219.82Heff . The dotted line is
provided as a guide.2-5
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the relaxation time of the magnetic system. As shown in Fig.
3~c!, the temperature dependence of S low /(S low1Shigh) is
similar to that of the in-phase component of ac susceptibility
x08 , although there is a difference between the temperatures
at which S low /(S low1Shigh) and x08 demonstrate this singular
behavior. This kind of change in x08 is attributed to the slow-
ing down of the spin relaxation as the system approaches the
RSG transition from above. The decrease in the area of P low ,
therefore, can be associated with the increase in the relax-
ation time. In other words, it suggests a shrinkage of the
region consisting of spins with the shorter relaxation time.
The considerable suppression of S low /(S low1Shigh) occurs
around the spin-freezing temperature ~;70 K!, i.e., the spin-
freezing process is accompanied by the disappearance of
spins with a shorter relaxation time, corresponding to P low .
Thus the maximum relaxation time diverges under the lack
of P low at the RSG transition temperature. This scenario may
be reminiscent of the idea of the ‘‘melting of frustrated
spins,’’ which was introduced as a mechanism to explain the
reentrant transition in the two-dimensional ~2D! model.20
This mechanism is abridged as follows: above a temperature
TK , the frustrated spins are melted and then the ferromag-
netic alignment of the other spins is stabilized in the FM
phase; on lowering the temperature, the frustrated spins ap-
pear below TK , and this induces a tilt of the ferromagnetic
spins; as the temperature further decreases, the frustrated
spins grow so as to be compared with the other spins, and the
random spin configuration is completed. Apart from the in-
consistency in the use of this 2D model, one may assign P low
and Phigh to the spins around the melted spins and the ferro-
magnetically aligned spins. In this picture, in addition, the
magnetic nature in the FM phase is strongly affected by the
thermal evolution of frustrated spins. Such nonuniformity in
the FM phase may induce spin-glass-like behavior such as
the aging effect and the chaotic nature. On the other hand,
the magnetic nature of the RSG phase is obviously inconsis-
tent with the 2D model, as mentioned in the following para-
graph.
Next, we discuss the field dependence of Hhf in compari-
son with the magnetization data in order to characterize the
magnetic nature of the RSG phase. When a magnetic field
Heff is applied to the sample, the measured hyperfine field,
Hhf , directly obtained from the magnetic splitting in the
Mo¨ssbauer spectrum, is given by the relation
Hhf5Hhf
i 1Heff , ~3!
where Hhf
i is the intrinsic hyperfine field induced by the mag-
netic interaction when the relaxation time is longer than the
observation time. As the orientation of the hyperfine field is
antiparallel to the magnetization, the relation among Hhf ,
Hhf
i
, and Heff is expressed in the schematic drawing in the
inset of Fig. 6. Based on the values of ^Hhf&, Heff , and C
obtained up to this time, we can evaluate the average ampli-
tude of the intrinsic hyperfine field ^Hhf
i & and the angle F,
between Hhf
i and the z axis, where the z axis is parallel to the
applied field Heff . In a ferromagnetic ordering, Hhf
i is propor-18443tional to the local magnetization, and the measured magneti-
zation M can be expressed as follows:
M}^Hhf
i &cos F5^Hhf&cos C1Heff . ~4!
As shown in Fig. 6, this relation is valid in both the FM ~78
K! and RSG ~4.6 K! phases.30 This indicates that the hyper-
fine field in the RSG phase is governed by local magnetiza-
tion in the same manner as in the FM phase, i.e., the spin
order in the RSG phase, on a microscopic spatial scale, is
qualitatively unchanged from the FM phase. This may not be
expected from the mean-field model for the reentrant spin-
glass phase in vector spin systems,3 in which the additional
hyperfine field, appearing at the RSG transition, originates
from the transverse spin freezing. In addition, the present
observation predicts that the local magnetization increases
rapidly in the same manner as ^Hhf& when a magnetic system
approaches the spin-freezing temperature from above. This
increase in local magnetization can be associated with the
slowing down of spin fluctuation, i.e., a decrease in the lon-
gitudinal spin fluctuation. This is in accord with the follow-
ing result of the neutron depolarization analysis:16 the field
integral, proportional to the amplitude of the local magnetic
induction, rapidly increases as the temperature decreases
from the FM phase to the RSG phase. In addition, this low-
temperature spin dynamics may be consistent with the obser-
vation of the quasielastic scattering, coexisting with spin
waves, in the inelastic neutron-scattering measurement of a
reentrant NiMn below a temperature in the FM phase.14
Finally, we will discuss the nature of the RSG phase in a
magnetic field. For this purpose, we will focus on the second
peak, P low . In the FM phase, this peak is abruptly smeared
when the RSG temperature is approached from above in a
zero applied field @Fig. 3~c!#. At 4.6 K, the same kind of peak
is induced in P(Hhf) by applying a magnetic field, and the
peak position is smoothly connected to that in the FM region
@Fig. 3~a!#. As mentioned above, P low in the FM phase is
associated with spins with a larger amplitude of fluctuation: a
FIG. 6. The value of ^Hhfi &cos F is compared with the magne-
tization ~expressed by dashed and dash-dotted lines! at 4.6 and 78 K
~a!, where Hhf
i and F are defined in the schematic drawing in ~a!.2-6
SPIN FREEZING AND THE FERROMAGNETIC AND . . . PHYSICAL REVIEW B 64 184432candidate for this is the melted spins. Thus the field-induced
peak in the RSG phase should also be related to the same
kind of spins. This implies that a spin fluctuation, faster than
the observation time of the Mo¨ssbauer measurement, reap-
pears in the low-temperature phase when a magnetic field is
applied; i.e., there are regions where the freezing-spin is par-
tially melted by the applied field. A possible explanation for
this is that the ‘‘melting of frustrated spins’’ mechanism
works even in the RSG phase when a magnetic field is ap-
plied. In this context, the long-range spin-glass ordering
should become unstable because the melted spins stabilize
the ferromagnetic alignment of spins. This situation is simi-
lar to the observed lack of a spin-glass transition in the ordi-
nary 3D Ising-type spin glass Fe0.5Mn0.5TiO3 in a magnetic
field,21 which was predicted by the droplet model.8,18 In ad-
dition, the corresponding regions may be spatially ordered so
as to agree with the in-field SANS data,9,16 suggesting that a
magnetic correlation, different from the ferromagnetic ar-
rangement, appears in the RSG phase.
IV. CONCLUSION
The following picture of the spin-freezing process and the
intrinsic nature of the RSG and FM phases of a reentrant
ferromagnet was constructed via careful observation of the
features dependent on the observation time and spatial reso-
lution of the experimental apparatuses.
~1! In the FM phase, there are two kinds of regions con-
sisting of spins with different relaxation times: these are as-
signed to spins around the melted frustrated spins with a18443shorter relaxation time and ferromagnetically aligned spins
with a longer relaxation time.
~2! On lowering the temperature, a spin-glass correlation
develops at the expense of spins with faster dynamics and
then diverges at the RSG transition temperature. Such a non-
uniformity in the FM phase, related to the behavior of frus-
trated spins, can induce a spin-glass-like behavior such as the
aging effect and chaotic nature.
~3! In the RSG phase, a long-range ferromagnetic corre-
lation coexists with the spin-glass order, but in a manner
different from that of the mean-field model.
~4! When a magnetic field is applied in the RSG phase,
the long-range spin-glass order becomes unstable through the
‘‘melting of frustrated spins’’ mechanism which originally
works in the FM phase.
Obviously, the present picture, constructed so as to con-
sistently explain a variety of aspects dependent on the ex-
perimental conditions, emphasizes the importance of pre-
cisely interpreting the nonuniformity which is observed in
various situations. A comprehensive theoretical approach is
certainly required to solve the reentrant problems.
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